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Thermal Resistance of Bacillusua htilis var. ni er in a Closed System
J. T. FEELER, A. L. REYES, R. G. CRAWFORD,
A. J. WEHBY, and J. E. CAMPBELL
Division of Microbiology
Food and Dru* Administration
Cincinnati, Ohio 45226
ABSTRACT
The heat resistance of Bacillus subtilis var. niver has been measured from
85 to 125 C using moisture levels of % RH < 0.001 to 100 in a closed system.
Five curves have been p resented to characterize the thermal destruction,
using thermal death times defined as F values at a given combination of
three moisture and temp erature conditions. Reductions of 99.99% (4 10;10
cycles) of the initial oonulation were estimated for the three moisture
conditions. At 110 C, the ex p ected time for a four log10 reduction was 1.1 h
at % RH - 100, 3 . 1 h at % RH < 0.07, and 54 h at % RH a 10.7. Goodness of
fit tests to e_.amine the adesuacy of three polynomial models failed to indi-
cate a trend. The linear model (fr ,)m which estimates of D are obtained)
was satisfactory for estimating the thermal death times (% RH < 0.07) in
the elate count range. The estimates based on observed thermal death times
and D values for the % RH - 100 diverged so that D values, generally gave
a more conservative estimate over the tem p erature range 90 to 125 C. Esti-
mates of Z  and Z  ranged from 32.1 to 58.3 C for the % R11 of < 0.07 and 100. A
Z  = 30.0 was obtained for data observed at % RH < 0.07. The Z  results
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Thermal Resistance of Bacillus subtilis var. nib in a Closed System
J. T. Peeler, A. L. Reyes, R. G. Crawford
A. J. Wehby, and J. E. Campbell
Division of Microbiology
Food and Drug Administration
Cincinnati, Ohio 45226
The thermal resistance of microorganisms has been measured since 1920
using two physical parameters, time and temperature. Murrell and Scott (5)
introduced water activity (moisture content of a system) as a third physical
variable. Other factors, such as pH, have been considered, but they have less
influence on the thermal resistance of microorganisms. These three physical
parameters have been studied in more detail since the National Aeronautics and
Space Administration (NASA) designed an unmanned planetary capsule to land on
the Martian surface. This capsule is to be dry-heat sterilized before launch
in an inert-gas environment. The Bacillus subtilis var. ni er was one strain
chosen to specify the parameters of dry-heat sterilization.
Representative of recent work are reports by Angelotti et al. (2), Paik
at al. ( 7), Wardle at al. (12), and Simko at al. (11), that describe the
thermal destruction of B. subtilis var. ni er. Measures of thermal resistance
were obtained in plastic capsules, between mated surfaces, and from selected
lander capsule surfaces. Thermal resistance was reported in terms of D and Z
values as defined in Schmidt (9) and was measured at temperatures between 105
to 160 C.
2The present investigation was undertaken in a closed can system over a
temperature range of 85 to 125 C, with moisture content defined as percent
relative humidity (x RH) at temperature from < 0.001% to 100x. Curves ob-
tained from this range of temperatures sad X RH were, in general, nonlinear on
a semi-log plot of survivors versus time at constant temperature. The objec-
tive of this study was to determine the effect of moisture content in a closed
system on thermal resistance of B. subtilis var. ni er spores. A secondary
objective was to explore ways of expressing the thermal properties of the
spores. Empirical studies are reported comparing the thermal resistance in
terms of thermal death times at various moisture conditions #nd temperatures
(defined here as an F value), and D values (9).
MATERIALS AND METHODS
Production of spores and description of closed system. The Bacillus
subtilis var. ni er spores were surface grown on nutrient agar as described
by Angelotti et al. (2). The spores were washed from the surface with double-
distilled sterile water and the spore suspension was shaken with glass beads,
filtered through cotton, and held at 45 C (water bath) overnight. The heated
suspension was washed and stored at 5 C in 951 ethyl alcohol.
The closed system consisted of a 2-1/4-inch (5.72 cm) x 2-7/8-inch
(7.30 em) diameter tin can with four stainless steel circular shelves.
Thirty cups fit on a single shelf and 120 in the can. This quantity of cups
allows the experimenter the flexibility of observing a few replicates at a
time interval in the plate count range or of observing multiple positive and
negative results for an MPN estimate.
•
^1\1 i—	 a = _-'"	
IN l V^/•-
rt-.^	 tom' LIN
 y
_$	 r ::`	 ^,f. #^`lTS f1l'1S T(^Y`#'1XT 7t^^V :l a^ ^	 ^	 n
- 3 -
Bacillus subtilis var. ntper spores were suspended in 95% ethyl alcohol,
diluted in double-distilled water, and dispensed with a repeating dispenser in
0.01 ml amounts into the stainless steel cups. The inoculated cups, cans, lids,
and contents were dried in a vacuum oven for 100 min at 45 to 50 C (1.5-inch
Hg pressure absolute). An increasing drying efficiency was achiaved by purg-
ing the oven with dry nitrogen every 10 min for the first 90 min. This was
followed by five consecutive purges of nitrogen with a vacuum cycle between
each purge.
After drying, the cans, lids, and contents were removed from the oven and
cooled to about 30 C in an equilibration hood. An amount of water or desiccant
was placed in the can to achieve the desired % RH at the selected temperatures.
The cans were then sealed and removed from the equilibration hood.
Determination of heat resigtApce. Cans prepared to yield a selected % RH
at a particular temperature were completely immersed in a silicone bath opera-
ting at the desired test temperature (± 0.1 Q. Cans were withdrawn at desired
time intervals and plunged immediately into ice water to cool for 15 min.
After washing and rinsing, the cans were dried with sterile towels and opened.
Viable spores were assayed by sonifying the cups in peptone water. The solu-
tion was pipetted into pour plates with TG"
 agar. The plates were incubated
for 48 hr at 35 C.
Statistical calculations. Heat penetration studies were performed and
correction for come-up and cool-down times were computed as outlined by Anellis
at al. (1). Estimates of linear and polynomial regression and assumptions for
calculation are presented by Ostle (6). D values were computed by taking the
absolute value of inverse slope estimated from a linear regression of log10
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count versus time at constant temperature and RH. D is the time interval at
a constant temperature to obtain a 90% reduction in organisms. The observed
time to reach a concentration of 100 organisms per cup is defined as F100 for
	
V,
a given initial concentration. An estimate of time to reach 100 organisms per
cup is defined as L100 - (b0 - 2)/Ibl l. This estimate of endpoints assumes the
linear model. To obtain ZD , ZL , and ZF , the absolute value of the inverse slope
from the linear regression of 1og10 D, log10 1,100• and logl0 F100 versus tem-
perature {; computed at constant RH. These endpoint estimates (F and L) differ
from the usual definition of thermal death time (9), which is observed time of
extinction of a given population.
RESULTS
The present study is based on results from 45 experiments. Sixteen runs
were observed at 125 C for 16 different moisture contents. Similar results
were recorded at 113 C for 15 experiments representing 14 moisture conditions
measured as % RH. Data representative of thermal destruction at seven repre-
sentative moisture conditions are plotted in Fig. 1 and 2. These curves are
not least squared fits of the data but are drawn through the points to demon-
strate the trends. The description of the least squares analyses to determine
a model for the data was inconclusive so that curves in Fig. 1 to 4 are the
best visual fits of the points. Fourteen other experiments were performed at
six temperatures (85, 90, 95, 100, 105, and 120 C). These runs were performed
under dry (% RH < 0.1) and wet (% RH - 100) conditions. Figure 3 show€ the plot
of the average counts per cup for the wet experiments. Three replicate cups
were placed on the bottom shelf of the can for each time interval.
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Data plotted from these experiments show an irregular pattern. There is,
however, a tendency for data collected under dry conditions (Fig. 4) to show a
rapid 4 log10 reduction from the initial concentration of about 1 x 10 6 and
then tail off to the right. The dry conditions at higher temperatures show
more pronounced leveling until the line is almost asymptotic to the base line
(Fig. 4). Lines plotted from data of experiments where % HH was near 100 gener-
ally showed the opposite effect. There is very little (less than 1 log) de-
crease in initial population for 10 min (125 C) to 50 min (85 C). After this
initial period (Fig. 3), the rate of decrease is rapid.
Least squares analysis. It seemed apparent that one mathematical model
would not fit all sets of data. Although there are a number of mechanistic
models (i.e., the estimation of values that assume a first order reaction be-
tween organisms and heating agent), no one model was found to fit results of
these experiments. Thus, the family of polynomial equations was used to empir-
ically fit and screen the data. The linear (D values can be estimated from
this model), second, and third order equations were employed. An equation for
the general model is given below:
y = b0 + b 1 t + b 2 t 2 + b 3t 3 + ...
*	 The y - log10
 count and t is the time in hours. Values of b0 , b l , b2,
etc. are estimated by the method of least squares (6). A goodness of fit
test (6) was performed for each set of data and the three models. The good-
ness of fit test explores the relation between deviations of data from a given
model compared to the pooled variance of replicate points. A significant ratio
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of these variance estimates means the model does not fit.
The purpose of the empirical curve fits and goodness of fit tests was
to screen the data and determine if certain regions of the relative humidity
range could be fit by a given order of equation. If a trend were detected,
then mechanistic models (one where the coefficients in the model have phys-
ical interpretation) could be tested. Goodness of fit test results are 	 f
listed in the right-hand column of Tables 1 and 2. All tests were performed
at the a w 0.01 level. A figure "1" in this column indicates that the
linear model was satisfactory. A figure "2" or "3" is used when a second
or third degree polynomial fits the data, and ** appears when all three
models were significant for goodness of fit at a - 0.01 level. The frequency
of the degree of polynomial chosen is tabulated in Table 3 for wet and dry
experimental results.
The majority of the data could not be characterized by any of the three
polynomial curve fits. It seems unlikely that a mechanistic model with two
to four parameters would vield a better fit. Some mechanistic models, inclu-
ding the double exponential (4,10) and logistic function, were exar-maned
by nonlinear (3) methods (not reported here) with the same conclusion.
Calculation of thermal process, D and F values. Since the path of
thera;il destruction could not be consistently predicted, some path-independent
estimation techniques were examined. Schmidt (9) gives a definition of ther-
mal death time (defined here as F value). This F value is the time required
to inactivate the initial population. It is common practice to design experi-
ments with 10 thermal death time tubes at various time intervals. Each tube
in a group is scored for growth or no growth on removal from an oil or water
7-
bath= The thermal death time has been defined in term of the time after
growth was observed in the last group of tubes and the time when succeeding
groups of tubes showed no growth. The F value used here has been given a
broader meaning so that the time to reduce an initial population to 100
organisms per cup is called F100, and the time to reduce an initial popula-
tion to 1 organism per cup could be defined as F 1. Since the path of thermal
destruction under constant moisture and temperature conditions is irregular,
the redefinition of F allows the thermal resistance to be computed on a
common basis. The usefulness of the commonly used D values was also examined
for these data. The F value discussed here is a measurement of endpoint for
a given concentration. No assumptions are made about the mode of approach
to the endpoint. However, it is implied that the curve does not turn back
up and the concentration remains the same or decreases after the time ob-
served.
An option of the closed can system la that multiple cups (up to 120 per
can) can be processed at once. When the expected count is less than 10 per
cup, the cups can be scored for growth or no growth. Plete count and MPN
measures could be recorded. The results of the ?WN region are too few to re-
port. Observed time required to reach a concentration of 100 is shown in
Table 1. The eatimates at 100 per cup are based on linear interpolation
using the two results bracketing 100. An estimate of the time required to
reach 100 by estimating D from the linear model is tabulated also in Table 1.
The linear estimates of Ithe time required to reach 100 are shown for 113 and
125 C data in Table 2. These estimates are obtained as follows: The L100 s
(b0 - 2)/Ib l l, where b0 and b l are the intercept and slope from the linear
regression of log 10 count (y) and time (t) in hours. The L100 is approximately
r
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4D, and the initial concentration was about 1 x 106 organisms per cup for
all experiments.
Tho majority of data at the various temperatures iu in either the wet
or dry moisture region. Tables 4 and 5 were constructed to summarize the
estimated times predicted and observed to reach 100 organisms per cup. The
results of a linear regression using these values are plotted in Fig. 5.
Figure 5 shows the observed and predicted values for 2 RH < 0.07 and 100 when
the concentration per cup is 100 over the temperature range of 85 to 125 C.
Two points (113 and 125 Q are plotted for the RH, averaging 10.7X.
DISCUSSION
The use of endpoint estimation provides a method for characterizing
the thermal resistance of an organism with respect to RH. Estimates of the
time to reach a concentration of 100 can be computed so they are not dependent
on the path of the curve. When the D is estimated from the linear model
(Y - log10 count and t - time in hours), the estimate of endpoint is dependent
on the assumption that the thermal death rate is a first order reaction.
This value (L
100
), referred to as from the linear model, is tabulated in
Tables 4 and 5. Observed time (F100) is shown also. The results from the
regression of log1Q (endpoint in hours) versus temperature in C are plotted
(Fig. 5) for both the observed and linear estimates. Estimates of Z value
and the predicted line are about the same for observed and linear estimates
for the dry data but diverged for observations under wet conditions.
Curves for concentration estimates at 100 per cup (Fig. 5) indicate that
the 2 RH - 100 condition is the most effective condition to inactive S. sub-
tilis compared to the % RH < 0.07. It did not matter if the estimates were
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endpoints or predicted from the linear model, because the results for wet
conditions were below the curves observed in the dry environment. Estimates
of Z  ranged from 32.1 to 58.3. Angelotti et a1. (2) found Z  - 32.0 within
stainless steel washers. A Z  - 30.0 (% RH < 0.07) was computed from data
in these experiments so that the closed system seems to behave like an enclosed
system where the organisms are between two surfaces. There is also an agree-
ment with the Z  and Z  which were estimated at % RH s 0.07. These values
were 32.1 and 32.9.
The linear regression plotted in Fig. 5 is based on the data in Tables 4
and 3. Each line corresponds to a column in these tables. There are only
two points	 % RH - 10.7, as these values were taken from the linear esti-
mates computed at 113 and 125 C. The implications for choosing a process
based on the three physical factors (temperature, time of heating, and % RH)
can be examined in these figures. The least effective conditions for inac-
tivation at 113 and 125 C occurred at % RH 5 to 30. Observed and predicted
times to achieve inactivation seem to peak at 5 to 10% RH (Table 2). A line
for two predicted points, 10.4% RH at 113 C and 10.9% RH at 125 C, is plotted
to demonstrate the degree of resistance (Fig. 5).
Estimations of an endpoint at 100 organisms per cup were performed
illustrate the flexibility
 in characterizing a heat process. These cal
tions were performed also to compare with estimates from the linear mods
In Table 2 (113 and 125 C results) the values observed from linear irate.
tion of the two points bracketing 100 organisms per cup were 2.4% lower
(not including 100% RH) the estimate based on the linear model. Howeve
the results over temperature for 100% RH (Fig. 5) show a marked diverges
in these estimates. The curves in Fig. 3 indicate that linear estimati+
is definitely inappropriate in this region.
' VA 	 - N,
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The plots of the number of viable spores versus time as a function of
RH (Fig. 1 and 2) emphasize the relative thermal resistance. High and low
humidity conditions are clearly the best to use in order to achieve thermal
inactivation with the minimum input of heat (calories). Figures 3 and 4
show the thermal inactivation of B. subtilis at the extreme moisture condi-
tions of 100% RH and < 0.001% RH. The temperature range is between 85 and
125 C. It is interesting to observe the difference in shape of the curves.
The curves generated from dry conditions (% RH < 0.001) appear to be linear
on the semilog plot until they reach a concentration near 1 per cup. Three
curves (95, 100, and 105 C), where data are available, then show a flatten-
ing out of this concentration (Fig. 4).
Data collected from experiments where the RH is 100% show a different
pattern when plotted on semilog paper. The concentration stays constant at
the initial concentration of 10 6 organisms per cup up to 50 min for 85 C
data (Fig. 3), and then decreases rapidly to 1 organism per cup. This lag
in thermal inactivation decreases as the temperature increases until at
125 C, the lag is only about 10 min. These differences between moisture
conditions may indicate that the mode of thermal destruction varies.
However, the variability of the present experiments did not allow a defini-
tive test for these effects.
Altnau,gh the shapes of the curves are observed to differ, the method of
endpoints can be ubRd to obtain process values. The observed time to reduce
the initial population (1 2c 1.06 organisms per cup) to 100 organisms per cup
was compared to the analogous estimate from D values. Calculation of D
assumes that the data are linear on the semilog plot. Thus the predicted
times (Fig. 5) are in agreement with those observed for the dry experiments,
i
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which tend toward linearity but deviate from the wet -side estimates. As
noted above, an experimenter would want to avoid the relative humidity
regions between these two extremes, since the amount of heat required in-
creases. Two points in the 10% region were plotted at 113 and 125 C to
demonstrate this point.
The endpoint curves in Fig. 5 can be used to determine the time to heat
a unit. If it is known that a maximum of 104 organisms will be on a unit,
then a process to reduce the concentration 4 logs might be chosen. Since
the wet-heat and dry-heat conditions yield the shortest heating times, the
experimenter has a choice of RH conditions. As an example, consider a pro-
cess where a maximum of 104 B. subtilis organisms are known to be deposited
per unit. Determine the time to reduce this population to 1G per unit under
dry-heat conditions at 115 C. Figure 5 gives the time for a 4-log drop (106
down to 102 organisms per cup) for % RH < 0.07 as about 2.1, using the line
for observed endpoints. The same estimate for wet heat (% RH = 100) would be
0.5 h. If the experimenter had set the conditions for % RH in the 10 to 11%
range, the time to reduce the population to 100 per unit would be about 33 h.
The 4-log reduction was chosen for these illustrations since it is known that
103 to 104 spores (8) are observed from fallout on spacecraft.
Another example of the use of Fig. 5 can be shown by taking approximate
estimates of F or L at a constant temperature. Thus, an experimenter perform-
.	 ing tests at 110 C (Fig. 5) would expect to take about 1.1 h at y RH = 100,
3.1 h at % RH < 0.07, and 54 h at % RH ^ 10.7 to reduce an initial population
!	 from 106 to 102 organisms per cup. It seems unlikely from the goodness of
fit tests that a single mechanistic model can be supported over a wide range
sIku	 y...
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of conditions. The estimate of D (supported by only 16% of the goodness of
fit tests) seems to be an adequate approximation for many endpoint estimates
in this study.
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TABLE 1.	 Estimates of endpoints at concentrations of 100 for
experiments at 85, 90, 95, 100, 105, and 120 C
Predicted time to Observed time to b
Tempera- reach concentra-% RH reach concentra-
Results of
Cure tion based on
at temp. tion per•cun (hr) goodness of(C) linear model (hr) fit test
L100a 100
*	 85 100	 5.5 6.0 **c
100	 5.5 6.9 **
90 100	 1. 1.8*
100	 1.7 2.0 4.*
100	 1.8 1.7 **
< 0.07
	 13.6 14.0 **
95 < 0.05	 9.1 9.9 1
< 0.05	 9.3 9.0 2
100 100	 0.7 0.7 '^*
80	 2.6 2.5 **
80	 1.9 2.0 **
< 0.042
	
5.7 5.1 2
105 < 0.035	 4.4 3.2 :^*
120 0.108	 2.9 2.8 **
aEstimated time to reach a concentration of 100 ner cuo using coeffi-
cients from the linear model L100 = (b0 - 2)/Ib11.
bResults from goodness of fit tests: (1) Linear model test could not
be found significant at a - 0.01; (2) Second degree model test could not
be found significant at a = 0.01; and ( 3) Third degree model test could not
be found significant at a - 0.01.
c** a Significant lack of fit at a - 0.01,
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TABLE 2. Estimates of endpoints at concentration
100 for experiments at 113 and 125 C
Predicted timesto
bTemuera- reach concentra- Observed time to Results of
tune tion based on reach concentra- goodness of
at tame e.(C) linear model (hr) tion per cuo (hr) fit.	 test
113
	
< 0.001 1.6 1.5 ,t*c
0.0?8 3.5 3.3 **
1.04 14.6 14.6 2
5.22 46.1 -- 1
10.4 40.0
15.7 35.1 3119 ?.
T.O. 9 32.9 31.9
26.1 26.1 28.0 **
31.3 27.4 --,t
36.5 15.9 17.2 1
41.8 9.4 9.0*
52.2 4.4 3.5 ?
78.3 0.8 -- 3
100. 1.3
-- 2
100. 1.4 -- 7
125	 <	 0.001 0.4 0.3 **
0.019 1.0 1.0 3
0.73 3.4 3.4 3
3.65 11.1 -- 1
7.3 12.8 12.5 1
10.9 12.6 12.6 2
14.6 10.4 10.9 2
18.2 8.' 7.7 **
21.9 10.2 10.0a
25.5 7.5 7.9 1
29.1 7.6 -- 3
36.5 2.7 2.5 2
54.7 0.9 -- 1
73.0 0.9 -- 3
91.2 0.5 0.4 3
100, 0.6 0.4 **
aEstimated time to reach a concentration of 100 ner cue using coeffi-
cients from the linear model L100 = (b0 - 7)/Ibll.
bResults from goodness of fit	 tests: (1)	 Linear model test could not	 t
be found significant at a = 0.01;	 (2)	 Second degree n-:,del test could not
be found significant at a = 0.01; and (3) Third degree model test could
not be found significant at a = 0.01.
c** = Significant lack of fit at a m 0.01.
i
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TABLE 3.	 Frequency of experiments in four categories
Wet experiments Dry experiments
Category	 Model (% RH • 100) (% RH < 0.07
1	 1 0 1
2	 2 2 2
3	 3 1 1
4	 ** 9 5
** - All three models were significant for goodness of fit at
CL - 0.01.
}
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TABLE 4. Time (h) observed to reduce the initial
"onulation to 100 organisms ner cuo
F100
Tewoerature	 Dry	 Wet
	
(C)	 (% RE 0.07)	 (% RH	 100)
	85	 6.0
6.9
	
90	 14.0	 1.8
1.7
—	 2.0
	
95	 9.9	 --
9.0	 --
	
100	 5.1	 0.7
	
105	 3.2
	
113	 3.3
	
125	 1.0	 0.4
	
Z	 32.1	 36. 7
If
I
'LAM
	?ITT TIJT	 *
TABLE 5. Time (h) to reduce the initial oovulation to 100
r
organisms oer cuo estimated by linear model
•	 L100 
a 
(b0 • 2)/lblj
Temoerature	 Dry	 Wet
(C)	 (% RH 5 0.07)	 (% RH - 100)
85	 --	 5.5
--	 5.5
90	 13.6	 1.6
--
	 1.7
95	 9.1	 1A
9.3
	 --
100	 5.7	 0.7
105	 4.4
	 --
113
	 3.5	 1.3
--	 1.4
125	 1.0
	 0.6
i
Z L
	 32.9
	 58.3
a
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Fig. 1. Thermal inactivation of B. subtilis var. niger in a closed
system at seven relative humidities, 113 C.
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Fig. 2. Thermal inactivation of B. subtilis var. ni er in a closed
system at seven relative humidities, 125 C.
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jq. 3. Thermal inactivation of B. subtilis var. DI.&er in a closed
systev, at five tetweratures, 1007. RH.
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Ki g. 4. Thermal inactivation of B. subtilis var. niger in a closed
system at five temeratures, < 0.001 % RH.
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Pig. 5. Relation of the time reruired to inactivate B. subtili.s var.
ni er from 106 to 102 organisms ner cuo versus temp erature for three relative
humidities. Symbols: 0 observed time, % RH = 10.'; i observed time,
% RH s 0.11; ® observed time, % RH - 100.0; n linear estimate, °! RH =
S 0.07; 0 linear estimate, % RH . 100.
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